We show that SV-P reflectivity closely matches P-SV reflectivity; thus, in concept, an SV-P image should be as informative and as valuable as a P-SV image for seismic interpretation purposes. If the dip of rock layering is not severe, the length of the SV raypath involved in SV-P imaging is approximately the same as the length of the SV raypath in P-SV imaging; thus, the important lithology-sensitive V P ∕V S velocity ratio determined with SV-P data should be approximately the same as the V P ∕V S velocity ratio determined with P-SV data. We compare velocities used in P-SV imaging and SV-P imaging to emphasize the equivalence of P-SV and SV-P stacking velocities, and therefore seismic-derived V P ∕V S velocity ratios, obtained with both converted-wave modes. We compare images of P-SV and SV-P data to illustrate the high-quality images that can be made with a SV-P mode. The SV-P data used in these comparisons are recorded by vertical geophones, whereas the P-SV data are recorded by horizontal geophones. In the real-data examples we present, the energy sources that produced the downgoing SV wavefield are vertical-force sources, not horizontal-force sources. A vertical vibrator is used in the first case, and shot-hole explosives are used in the second case. The interpretation technology described here thus introduces the option of extracting valuable S-wave information and images from legacy P-wave data generated by a vertical-force source and recorded with only 1C vertical geophones. We discuss several principles involved in constructing SV-P images from VSP data because of the importance that VSP technology has in calibrating depth-based geology with surface-recorded SV-P data. We emphasize that cautious and attentive data processing procedures are required to segregate SV-P reflections and P-P reflections in VSP data.
Introduction
A more rigorous geologic interpretation can be done if an analysis is based on a joint interpretation of P-and S-wave seismic data rather than limited to a study of only one wave mode. This principle applies whether the interpreted single-mode data are P-or S-wave data. Our Exploration Geophysics Laboratory is focused on providing interpreters wider access to, and lower cost of, S-wave data so seismic stratigraphy studies can be based on multimode seismic data. In our pursuit of this objective, we have concluded that SV-P data are an excellent choice for providing lower cost S-wave information to the global seismic interpretation community. Our attraction to the SV-P mode is based on the following facts: 1) A companion paper authored by our research team in this journal issue (Hardage and Wagner, 2014) illustrates the concept that vertical-force land sources (vertical vibrators, shot-hole explosives, and vertical impacts) produce direct-SV modes as well as direct-P modes. Thus, the seismic sources needed to generate SV-P data are common P-wave sources that are widely spread around the globe. 2) Because the upgoing raypath of an SV-P mode is a P wave, SV-P data are recorded by vertical geophones. In contrast, P-SV data must be recorded by horizontal geophones, which requires that 3C geophones be deployed. There can be significant cost savings in the data-acquisition phase of a seismic program when data are acquired with vertical geophones rather than with 3C geophones. 3) Because SV-P modes reside in data generated by common P-wave sources and recorded by 1C vertical geophones, there is a huge amount of untapped SV-P data in legacy P-wave seismic data preserved in seismic-data libraries in many countries. Thus, for many prospect areas, interpreters may be able to produce valuable S-wave images from legacy Pwave data and will not even have to acquire new seismic data.
The combination of these facts leads to the conclusion that a focus on SV-P data will be the lowest cost and 1 most widely available way to provide S-wave information to the global seismic interpretation community. Our search of geophysical literature has produced only two papers in which SV-P data have been exhibited and discussed (Frasier and Winterstein, 1990; Guy, 2004) . Both investigations involved a single 2D line of 9C data. In the work of Fraiser and Winterstein (1990) , the illuminating SV modes used to generate SV-P data were produced by a horizontal vibrator, not by a vertical-force source as we propose. Guy (2004) acquired a short profile approximately 90 m (300 ft) long and studied shallow strata extending to a depth of approximately 21 m (70 ft). He also focused on SV-P data generated by a horizontal vibrator and made no converted-mode images (neither P-SV or SV-P).
Due to the meager emphasis on SV-P data made by the geophysical community, we conclude that the methodology we describe here is unique because of the simple, low-cost sources that we use to generate SV-P data. We encourage readers to inform us of any papers discussing SV-P modes generated by vertical-force sources because of our failure to find this approach to SV-P imaging discussed in the geophysical literature.
Comparison of SV-P and P-SV image coordinates
An SV-P mode can be viewed as a mirror image of the P-SV mode that is gaining popularity among interpreters. In flat, horizontal rock layering, P-SV and SV-P raypaths form symmetrical patterns about the common midpoint between a source and a receiver (Figure 1 ). For a specific source-receiver pair, P-SV data have an image point closer to the receiver than to the source, whereas SV-P data have an image point closer to the source than to the receiver. Particle displacement vectors associated with each raypath of P-SV and SV-P illumination are indicated in Figure 1 to emphasize the important fact that SV-P data are recorded by a vertical geophone because the upgoing raypath is a P-wave. In contrast, 3C geophones have to be deployed to record P-SV data because SV displacement vectors are perpendicular to upgoing SV raypaths (Figure 1) .
Comparison of SV-P and P-SV velocities
When P and S interval velocities do not vary laterally in flat, horizontal earth layering, source-to-receiver traveltimes, and thus stacking velocities, are identical for SV-P modes and P-SV modes. When interval velocities do vary laterally, SV-P stacking velocities may differ from P-SV stacking velocities. Referring to Figure 2 , if the P and S velocities in facies 1 differ from the P and S velocities in facies 2, then SV-P traveltime from source A to receiver B differs from P-SV traveltime. For SV-P data, the SV raypath is totally in velocity facies 1, but the SV raypath for the P-SV mode is located principally in velocity facies 2. Thus, traveltimes along the SV portions of P-SV and SV-P travel paths differ. Similarly, the P raypath for P-SV data is totally in velocity facies 1, but the P raypath for the SV-P mode traverses facies 1 and 2. Thus, traveltimes along the P-wave portions of the two travel paths also differ. In such geology, SV-P stacking velocities will differ from P-SV stacking velocities.
Examples of velocity panels created from verticalgeophone data across Prospect 1, one of our study areas, are shown on Figure 3 . These panels show stacking velocity curves that a data processor selected for P-P and SV-P modes at a central-image location. The green, red, and blue curves show, respectively, SV-P stacking velocities at the previous analysis point, the current analysis point, and the next analysis point. The stacking velocity determined for the P-SV data extracted from the corresponding horizontal radialgeophone data is superimposed as the purple curve to show its equivalence to the SV-P velocity curves. The minor differences in these SV-P and P-SV stacking velocities mean V P ∕V S velocity ratios determined across targeted intervals of SV-P image space should be close approximations of V P ∕V S velocity ratios determined across the same intervals in P-SV image space. Interpreters should thus have as much confidence in the lithological prediction accuracy of V P ∕V S velocity ratios extracted from SV-P data as they do in the V P ∕V S ratios determined with P-SV data.
The determination of stacking velocities that emphasize SV-P reflections requires a new mind-set by seismic data processors who are accustomed to looking at vertical-geophone data only for purposes of determining P-P stacking velocities. First, a velocity analysis must extend to lower velocity ranges than what is used by some P-P data processors. Second, and probably the greatest change in data-processing logic, is that slowvelocity events previously considered to be P-P multiples now need to be viewed as potential SV-P primary reflections. This concept is illustrated in Figure 4 , which repeats the velocity panels displayed in Figure 3 .
In Figure 4 , four P-P reflection packages along the P-P velocity curve are labeled A, B, C, and D. Similar reflection packages along the SV-P velocity curves are labeled A′, B′, C′, and D′. Data processors have to decide if A′, B′, C′, and D′ are time-delayed P-P multiples or SV-P reflection events. If A′, B′, C′, and D′ are constant-delay multiples of P-P events A, B, C, and D, the time delay between D and D′ should be the same as the time delay between A and A′. If A′, B′, C′, and D′ are SV-P reflections, the time delay between D and D′ should be greater than the time delay between A and A′ because the SV traveltime required to create deep SV-P reflection D′ is longer than the SV traveltime associated with shallow SV-P reflection A′. Examination of Figure 4 confirms the time delay between D and D′ is greater than the time delay between A and A′, which supports the interpretation that events A′, B′, C′, and D′ are SV-P reflection events, not P-P multiples.
For the case illustrated in Figure 4 , the data processor had independent knowledge of SV-P velocity behavior because P-SV stacking velocities determined from horizontal-geophone data were available for comparison (purple curve). The superposition of the P-SV stacking velocity curve on the vertical-geophone velocity panels provides high confidence that events A′, B′, C′, and D′ are SV-P reflection events. However, the most valuable application of SV-P technology is to extract SV-P data from 1C P-wave data when no horizontalgeophone data are available to provide independent guidance to identify SV-P reflection events. In cases in which only vertical-geophone data are available, a data processor can use any available S-velocity information to estimate the time delay of a SV-P reflection compared to its companion P-P reflection from the same interface. Foremost among the SV-velocity data that would be helpful would be local dipole sonic logs, 3C VSP data, and published laboratory measurements of V P and V S velocities in rock types similar to the rocks comprising the seismic propagation medium.
If no data are available to provide independent SVvelocity information, seismic data processors will have to use their best judgment to select SV-P reflections. The green, red, and blue curves show the SV-P stacking velocities at the previous velocity analysis point, at the current velocity analysis point, and at the next analysis point, respectively. The P-SV velocity function calculated from horizontalgeophone data at the same x-y coordinates (purple curve) is included to show the similarity of P-SV and SV-P velocities. The P-P stacking velocity function for the current analysis point is shown as the black curve. The figure is courtesy of FairfieldNodal. Figure 3 . Velocity values are labeled at the tops of selected data panels. The circles identify P-P reflection packages (A, B, C, and D) and SV-P reflection packages (A′, B′, C′, and D′). The time relationships between these two sets of reflection packages help a data processor decide if A′, B′, C′, and D′ are SV-P reflections or multiples of P-P events A, B, C, and D.
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Such judgment is no different in concept and difficulty than the decisions used to pick P-P reflections in velocity analyses. The SV-P data processing we have done to date indicates that in previous studies in which we created P-P images, our data processors sometimes interpreted SV-P reflections as P-P multiples and did not recognize that two sets of wave-mode reflections (P-P and SV-P) existed in vertical-geophone data.
The recognition and suppression of P-wave multiples has been a long-standing research area, with most research focusing on the design of deconvolution operators, velocity filters, and velocity analysis procedures. Now that we have demonstrated that valuable SV-P reflections are embedded in vertical-geophone data regardless of the source type used to acquire the data, we hope there will be a surge in efforts to develop dataprocessing strategies that aid in distinguishing between multiples of one wave mode and primary reflection events of a separate slower velocity wave mode imbedded in the same wavefield.
Interpreters should not assume that vertical-geophone SV-P data will be more suspect than P-SV data because of the challenge of distinguishing between SV-P reflections and P-P multiples. The recognition of P-SV reflections in horizontal-geophone data involves similar challenges of distinguishing between P-SV reflections and events associated with competing wave modes. In the case of P-SV data, one competing set of horizontal-geophone reflections would be reflections created by SV-SV modes. All land-based P-wave sources create robust SV-SV data; thus, SV-SV reflections are embedded in the same radialgeophone data in which P-SV reflections are found. As a result, P-SV data processors have the challenge of distinguishing between reflections produced by these two wave modes.
In addition, P-SV data can contain P-P multiples just as SV-P data do. This possibility is shown by the velocity panel in Figure 5 , which displays constant-velocity stacks of radial-geophone data across one study area. The data processor's choice of a P-SV stacking velocity function at this particular image coordinate is labeled. Also superimposed on the velocity panels is the closest P-P stacking velocity to this same image coordinate. This P-P stacking velocity function traverses three reflections packages A, B, and C that have obvious timing relationships to key P-SV reflection packages A′, B′, and C′. Data processors thus have to decide if A′, B′, and C′ are P-SV reflections or P-P multiples, the same dilemma involved in SV-P data processing ( Figure 4 ). P-SV reflections can, in some instances, have as much likelihood of being confused with P-P multiples as do SV-Preflections.
In all studies, we have done that required P-SVimages be made, data processors have picked P-SVreflections in velocity panels assuming there were no competing mode data embedded in the radial-geophone data. In fact, SV-SV and P-P modes can be intermingled with P-SV reflections in horizontal-geophone data. No doubt, others have been engaged in P-SV projects in which data processors have made the same simplifying assumptions that competing wave modes have negligible influence on P-SV velocity panels. We conclude that in critical studies in which P-SV images are questionable, there is justification for reviewing the stacking velocities used to construct those P-SV images to determine if P-P multiples or SV-SV reflections have incorrectly been assumed to be P-SV reflections.
SV-P and P-SV reflectivity
We have calculated and compared P-SV and SV-P reflectivities from log data spanning numerous exploration targets. These targets have involved geothermal reservoirs, offshore gas fields, CO 2 sequestration intervals, tight sandstones, and shale-gas systems. For those interested in comparing numerical similarities between P-SV and SV-P reflectivities, mathematical equations for these converted-mode reflectivities can be found in Chapter 1 of Hardage et al. (2011) . Example calculations describing Marcellus Shale and Tully Limestone reflectivities (Appalachian Basin) are shown as Figure 6 .
For every imaging target we have studied, we have found the behavior of P-SV and SV-P reflectivities to be similar to the principles exhibited in Figure 6a . When wave-mode reflectivity at a targeted interface is shown as a Figure 5 . Constant-velocity stacks of radial-geophone data. The P-SV stacking velocity function determined for this location is superimposed on the velocity panels. Likewise, the nearest P-P stacking velocity is plotted on the radial-geophone stacks for comparison. Note the equivalence between P-P reflection packages A, B, and C and P-SV reflection packages A′, B′, and C′. This equivalence introduces the possibility that P-SV events A′, B′, and C′ are P-P multiples, and it requires a data processor to make the same decision illustrated for the SV-P data in Figure 4 . The example was provided by FairfieldNodal.
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Interpretation / May 2014 function of the opening angle (Figure 6b) , the SV-P reflectivity curve tends to track the P-SV reflectivity curve but with a smaller magnitude that is 90% to 60% of the magnitude of the P-SV reflectivity. However, the amplitude of the reflected SV-P mode from that interface is larger than the amplitude of the P-SV mode because the amplitude of the downgoing SV illuminating wavefield is usually larger than the amplitude of the downgoing P wavefield by a factor of 2× to 5× (Hardage and Wagner, 2014) . These repeated studies of reflectivity behaviors of converted-wave modes cause us to conclude that a SV-P mode will image the same interfaces that a P-SV mode images and that there should be negligible differences in P-SV and SV-P image quality. The log data from which these reflectivity curves were calculated are shown in Figure 6c .
SV-P imaging with VSP data
Constructing SV-P images with VSP data is similar to constructing SV-P images from surface-recorded data in that, in both instances, SV-P reflections have to be extracted from the same geophone responses from which P-P reflections are extracted. The VSP geometry in Figure 7a shows P-P (blue events) and SV-P reflections (green events) and their respective raypaths and wavefronts traveling from a far-offset vertical vibrator source station. This diagram illustrates the important principle that a SV-P wavefront produced by a vertical-force source originates at a point closer to the source station, and thus it propagates across a vertical array of VSP geophones in a more broadside manner than does the P-P wavefield generated simultaneously by the same vertical-force source. As a result of the smaller angle between the vertical receiver array and the SV-P wavefront, SV-P reflection events have faster apparent velocities in VSP data in a vertical well than do P-P reflection events. Distinctions between the velocities of P-P reflections (blue events) and the velocities of SV-P reflections (green events) are evident in Figure 7b and 7d.
The mathematical rotation of VSP geophones for purposes of wavefield separation is typically done in two steps. In Step 1, the two horizontal geophones H1 and H2 are rotated in the horizontal x-y plane to align the H2 geophone (or the H1 geophone if preferred) with the azimuth of the downgoing P raypath. A map view of this step-1 geophone rotation is depicted in Figure 8a and 8b, which shows oblique views of horizontal geophones H1 and H2 and the azimuth approach directions of raypaths associated with downgoing direct-P and direct-SV modes produced by a vertical-force source. Oblique views of the raypaths are drawn so the quasivertical nature of the SV displacement vector can be depicted. In this illustration, geophone H2 is rotated to be in optimal alignment with the P-wave raypath as is commonly done by VSP data processors. As a result, reflections associated with the downgoing direct-SV mode are not optimized unless the approach azimuth of the SV raypath is exactly the same as the approach azimuth of the P raypath, which is a common, but incorrect, VSP data-processing assumption.
In
Step 2, vertical geophone V and azimuth-rotated horizontal geophone H2 are rotated in inclination angle in the vertical z-x rotated plane until H2 aligns with the downgoing direct-P raypath. This procedure is illustrated in Figure 8c and 8d. Again, this geophone rotation procedure does not optimize the SV portion of the VSP data unless the inclination-angle approach Interpretation / May 2014 SE21 Figure 7 . (a) The P-P and SV-P raypaths and wavefronts involved in far-offset VSP data processing. The SV-P and P-P wavefields are generated simultaneously by a vertical vibrator. The SV-P wavefront is more vertical than the P-P wavefront when the two wavefronts sweep across the vertical receiver array. (b) VSP wavefield containing upgoing P reflection events. (c) Repeat of the raypath diagram. (d) Two sets of reflections with different velocities can be interpreted. SV-P reflections (green) are steeper (faster velocities) than P-P reflections (blue). The VSP data processing is by Halliburton.
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direction of the SV raypath is exactly the same as the approach angle of the P raypath, which again is a common, but incorrect, VSP data-processing assumption.
When we analyze the directional approaches of a P raypath and its companion SV raypath at a VSP receiver station, we find azimuth angle α between the two raypaths (Figure 8a ) to often be 8°or 10°(and no doubt it can be larger in some geologic conditions), and differences in inclination angle β (Figure 8c ) can sometimes be quite large (sometimes differing by 20°to 30°). For example, note that the inclination angles between the SV-P reflections (green) and P-P reflections (blue) in Figure 7d are significant.
An example of one of our analyses of approach angles of direct-P and direct-SV raypaths at a VSP receiver is displayed as Figure 9 . These data were generated to define P and SV azimuth approach angles in the horizontal x-y plane. In this instance, a VSP receiver was at a depth of approximately 1830 m (6000 ft), and a vertical vibrator source was offset approximately 1525 m (5000 ft) from the VSP well. The wavefield propagation medium was the overburden above the Marcellus Shale in the Appalachian Basin. The wavelet package at 0.4 s is the downgoing P first arrival recorded by the H2 geophone; the wavelet package at 0.95 s is the downgoing SV first arrival recorded by the H1 geophone. These two Figure 8 . (a) Oblique map view in the x-y space of VSP horizontal geophones H1 and H2 and incoming P and SV raypaths. The approach azimuth of the SV raypath differs from the approach azimuth of the P raypath because P and SV velocities have different azimuth-dependent velocity behaviors. (b) Data processors often align geophone H2 with the P raypath and use that geophone alignment to process both P and SV data. (c) Vertical section view in x-z space of VSP geophones V and H2 and incoming P and SV raypaths. The inclination angle of the downgoing direct-P raypath differs from the inclination angle of the downgoing direct-SV raypath because the P and SV raypaths are refracted at different transmission angles at shallower interfaces. (d) Data processors often align geophone H2 with the P raypath and use that geophone alignment to process both P and SV data.
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When H1 and H2 geophones are rotated in the horizontal plane and the H2 receiver is aligned with the incoming P raypath, the P-wave response of receiver H2 is a maximum. If the SV raypath coincides with the P raypath, the SV displacement should be perpendicular to the H1 geophone (orthogonal to H2). In such a case the response of the H1 geophone should be zero and undergo a phase reversal as the H1 geophone traverses the raypath azimuth that maximizes the P response (Figure 8b) . Similarly, when the H1 geophone is aligned with the SV raypath, its SV response will be a maximum, and the P-wave response on the orthogonal H2 geophone will undergo a phase reversal if direct-P and direct-SV arrive from the same azimuth direction.
We developed more confidence in defining azimuth approach angles of P and SV raypaths by picking minimum amplitudes associated with phase reversals in a geophone's response than we did in identifying the maximum response of a geophone. Thus, azimuth directions A, B, C, and D in Figure 9 are assigned using phase reversals of H1 and H2 data to identify the approach directions of P and SV raypaths. Specifically, H1 rotation angles A and C (180°apart) specify the approach azimuth where the direct-P raypath should be perpendicular to H1. The P raypath should be traveling in a vertical plane that passes through the two azimuths given by A þ 90°and C þ 90°. The 90°increase in azimuth is required because geophone H1 is orthogonal to the reference geophone H2. Similarly, rotation angles B and D (180°apart) of geophone H2 identify the azimuth of the vertical plane containing the P raypath. In this instance, there is an angle of 7°between the azimuths of the two vertical planes in which the downgoing P and SV raypaths approach the receiver. These P and SV approach azimuths differ because P and SV modes have different azimuth-dependent velocity anisotropies. Rarely will the downgoing P raypath or the downgoing SV raypath be positioned in the vertical plane that passes through the source station and the receiver station.
Large differences in downgoing direct-P and direct-SV inclination-angle approaches to a VSP receiver can be observed in the vertical plane containing the z and x rotated geophones (Figure 8c ). The magnitude of the angle between P and SV raypaths in this vertical plane is largely controlled by differences in P-to-P and SV-to-P refraction angles at interfaces above the receiver station.
We introduce a second VSP survey to illustrate the differences that can exist between the approach angles of upgoing P-P and SV-P reflections at VSP receiver stations. The wavefield that was created when these VSP data were processed using downgoing P direct arrivals to orient geophones is displayed in Figure 10a . This wavefield again contains P-P and SV-P reflections. The color choices assigned to reflection events differ from those used in Figure 7 , with SV-P events now shown in blue and P-P events shown in orange.
Numerous rotations of the inclination angles of the receivers positioned in the vertical analysis plane were applied to the data to optimize the segregation of P-P and SV-P reflections. The wavefield displayed as Figure 10b was selected as having the desired optimal separation of SV-P reflections when an additional inclination-angle rotation of 30°was applied to data that had been rotated to the inclination angle of the incoming direct-P raypaths. This measured real-data difference in the approach angles of upgoing P-P and SV-P reflections are surprisingly not so much different from the angles shown in the sketches of Figure 7a and 7c. The P-P reflections are attenuated in these final rotated data, and the wavefield is dominated by SV-P reflections (Figure 10b and 10d) . A reliable SV-P image can be constructed from these final rotated data. This large difference in the approach angles of upgoing P-P and SV-P raypaths must be considered to construct optimalquality SV-P images with VSP data.
Example of surface-based SV-P images
We show an example of SV-P data created by one seismic data-processing company who has assisted our SV-P research. In this comparison, a section view through an SV-P data volume will be compared with the corresponding vertical sections from the companion P-SV and P-P data volumes.
The energy source was a vertical vibrator. The P-P, P-SV, and SV-P images across the prospect are compared in Figure 11 . Both converted-mode images are squeezed vertically to be approximately depth equivalent to the P-P image. However, both converted-mode images maintain their respective image time Figure 9 . Analysis of azimuth approach directions of P and SV raypaths. The H1 geophone is used to define the azimuth response of the direct-SV arrival; the H2 geophone defines the azimuth behavior of the direct-P response. Phase reversals in H1 and H2 data are labeled A, B, C, and D and define geophone rotation angles where, respectively, a geophone traverses a SV raypath or a P raypath. If P and SV raypaths arrive from the same azimuth direction, the phase reversals of H1 and H2 should occur at azimuths that differ by 90°. In this case, there is a difference of 7°in the approach azimuths of the direct-P and direct-SV raypaths.
SE24 Interpretation / May 2014 Figure 10 . (a) Upgoing VSP wavefield created using downgoing P direct arrivals as a geophone-rotation reference. The resulting wavefield contains P-P reflections and SV-P reflections and should not be used for SV-P imaging. (b) Upgoing VSP wavefield after an additional geophone rotation of 30°in the vertical plane. The resulting wavefield is dominated by SV-P reflections and is more appropriate for SV-P imaging. coordinates in their reduced-display scales. Unfortunately, no VSP data were acquired within the image space to ensure precise depth calibration of the images. We thus used dipole sonic log data from a well approximately 1 km outside the image space to assist the depth registration of P and S reflection events.
The equation ΔT PSV ¼ 0.5ΔT PP ½1 þ ðV P ∕V S Þ, where ΔT PP is the P-P interval time and ΔT PSV is the converted-mode interval time, is often used to guide the selection of depth-equivalent P-P, SV-P, and P-SV events (equation 2, Chapter 5, Hardage et al., 2011) . The dipole sonic log data available for this study indicate that the V P ∕V S velocity ratio across much of the depth interval of interest was 1.6. Inserting this V P ∕V S value into the event-registration equation infers that the time adjustment factor between P-P and converted-mode intervals should be 1.3. In other words, if the time interval between two P-P reflections is ΔT, then the time interval between the depth-equivalent converted-mode reflections is 1.3ΔT.
Features of particular interest are circled on the P-P image in Figure 11 . The P-P feature A in Figure 11a is a stratigraphic pinchout that has a distinctive character and was used as a reference event for all three images. An equivalent feature A is rather obvious on the SV-P image (Figure 11b ), but it is more questionable on the P-SV image (Figure 11c ). The P-P data window B (Figure 11a ) shows a depositional feature that creates an image resembling a cross-section view of channel fill. Using the principle that the converted-mode time interval between A and B should be 1.3 greater than the P-P time interval from A to B yields a similar feature B in the SV-P image at the desired delay time (Figure 11b ). However, an equivalent feature cannot be found in the P-SV image (Figure 11c ).
The P-P data window C shows strata that downlap toward the right (Figure 11a) . The SV-P data window at the proper time delay of 1.3 times the P-P time delay shows similar downlapping strata (Figure 11b ). The equivalent P-SV time window C shows strata that have reasonably similar behavior (Figure 11c ). The P-P window D encompasses a short-length, robust reflection. A weaker version of this event exists in the proper SV-Ptime window (Figure 11b ), but the only P-SV event that can be found at the proper time delay is not at the correct image coordinates.
Based on this series of comparisons, we conclude that in this instance, the SV-P mode provides a more reliable image than does the P-SV image that is now used by interpreters.
Conclusions
SV-P data have great value in seismic interpretation, yet there are no published examples of SV-P modes being used to evaluate geologic conditions across prospects. This fact explains why this paper has such a brief list of references. Now that we have demonstrated the quality of SV-P images produced by vertical-force sources, we hope the low cost and wide availability of common P-wave sources will result in expanded use of the SV-P converted mode by interpreters and an increased sharing of information about SV-P technology in geophysical literature.
We devote considerable attention to the principles of creating SV-P images from VSP data so true SV-P reflections can be identified and surface-based SV-P data can be accurately adjusted to depth. It is essential that P-P and SV-P images be depth registered in order for P and S seismic sequences and seismic facies to be placed in depth-equivalent stratigraphic windows as a prospect is Figure 11 . Comparison of P-P, P-SV, and SV-P images at prospect 1. (a) Features A and B in the P-P image are targets of interest. (b) Features A and B in SV-P image space have strong similarities to the A and B features in the P-P image space. (c) Features A and B are not obvious on P-SV data. In this instance, there is greater confidence in the SV-P image than in the P-SV image. The labeled CDP coordinates indicate that the lateral dimension of the SV-P image is shorter than the lateral dimensions of the P-P and P-SV images. Data were provided by Buck Wheat Resources.
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interpreted and for an interpreter to know if a surfacebased SV-P image is indeed dominated by valid SV-P reflections.
Additional case histories need to be constructed and published that demonstrate how to create and interpret SV-P images. This quest is one research mission of the Exploration Geophysics Laboratory. Data-processing techniques also need to be investigated to determine how to improve SV-P velocity analyses and how to create better estimates of S-wave statics from verticalgeophone data.
We are particularly attracted to the possibility of extracting SV-P modes from legacy P-wave data. The option of providing valuable S-mode images to interpreters without having to acquire new seismic data could be a seminal change in seismic interpretation science.
